Introduction
ATP-sensitive K ϩ channels, or K ATP channels, are inward-rectifier potassium channels that are inhibited by intracellular ATP. Their role of linking metabolism to electrical activity is best understood in pancreatic beta cells, where their modest open probability between meals is sufficient to maintain a hyperpolarized state; upon ingestion of a sugary meal, the channels close, allowing action potentials to fire and produce Ca 2ϩ influx and insulin release (Aguilar-Bryan and Bryan, 1999; Ashcroft and Gribble, 1999; Seino and Miki, 2003; Nichols, 2006) . K ATP channels can play a similar role in central glucosensing neurons (Ashford et al., 1990; Miki et al., 2001) .
K ATP channels are also present in a large number of central neurons that do not have a primary glucosensing role (Karschin et al., 1997; Dunn-Meynell et al., 1998; Zawar et al., 1999) ; in these neurons, as in the heart (Benndorf et al., 1991) , the channels are mainly thought to remain closed except under conditions of severe metabolic deprivation, such as anoxia or ischemia. Inhibitors of K ATP channels can sometimes affect neuronal firing under less pathological circumstances (Pierrefiche et al., 1996; Allen and Brown, 2004) , implying that some basal activity of K ATP channels can affect neuronal excitability in nonglucosensing neurons. But it remains largely undetermined if and how normal levels of neuronal firing, via the consequent metabolic load, can lead to K ATP channel opening. This possibility of activity-dependent K ATP channel opening is suggested by results from brainstem inspiratory neurons (Haller et al., 2001) , where bursts of single K ATP channel opening are seen in synchrony with the respiratory firing rhythm; channel open probability ( p open ) is increased by ϳ60% after a strong burst of action potentials, compared with immediately before. These changes are smaller with blockade of the Na ϩ -K ϩ ATPase, suggesting that ATP consumption in response to the Na ϩ influx from action potentials contributes to the K ATP channel opening.
We examined the ability of action potentials to induce K ATP channel opening in the dentate granule neurons (DGNs) of the mouse hippocampus. These cells express a particularly high density of K ATP channels (Karschin et al., 1997; Zawar et al., 1999) , such that single K ATP channels can be recorded in ϳ50% of cellattached patch recordings (Pelletier et al., 2000) . Because these cells have a very low rate of spontaneous firing in superfused hippocampal slices, we induced action potential firing by electrical stimulation of the DGN axons in the dentate hilus. We found that modest firing activity, a burst of five action potentials at 20
Hz, was adequate to increase the activity of single K ATP channels for 0.5-1 s. This effect on K ATP largely disappeared in the presence of strophanthidin, a blocker of the Na ϩ -K ϩ ATPase. It appears that even moderate action potential firing can evoke K ATP channel opening via Na ϩ influx and ATP depletion. Both the level of firing-induced K ATP opening and the steady-state level of K ATP opening were higher in the presence of the ketone body R-␤-hydroxybutyrate (R-␤HB), consistent with a previous study (Ma et al., 2007) showing that ketone bodies can alter neuronal electrical activity by opening K ATP channels.
Materials and Methods
Hippocampal slice preparation. Acute hippocampal slices 400 m thick were cut in the transverse plane from the brains of 12-to 16-d-old male mice (C57BL/6; Charles River Laboratories) or Kir6.2 Ϫ/Ϫ mice (in a C57BL/6 background) (Miki et al., 1998) , using a vibrating tissue slicer (Vibratome). All procedures involving animals were approved by the Harvard Medical Area Standing Committee on Animals. Mice were anesthetized by halothane or isoflurane inhalation and decapitated into an ice-cold slurry containing the following (in mM): 87 NaCl, 25 NaHCO 3 , 25 D-glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 (osmolarity ϳ340 mmol/kg; pH 7.4 with NaOH).
Slices were incubated at 37°C for 20 min in the slicing solution and then for 40 min in recording solution, then stored at room temperature for 0 -3 h before use. During recording, ACSF was delivered to the bath using a peristaltic pump at a flow rate of ϳ0.9 ml/min. All ACSF solutions for singlechannel recordings contained the following (in mM): 26 NaHCO 3 , 10 D-glucose, 2.5 KCl, 2 CaCl 2 , 1.25 NaH 2 PO 4 , and 1 MgSO 4 (osmolarity ϳ290 mmol/kg; pH 7.4). Standard single-channel ACSF also contained 120 mM NaCl; R-␤HB solution contained 118 mM NaCl, 2 mM NaOH, and 2 mM R-␤-hydroxybutyric acid (Kanto Chemical). For whole-cell recordings, ACSF contained the following (in mM): 119 NaCl, 26 NaHCO 3 , 1 NaH 2 PO 4 ,10 D-glucose, 2.5 KCl, 2.5 CaCl 2 , and 1.3 MgSO 4 (osmolarity ϳ300 mmol/kg; pH 7.4). In addition, all recording solutions contained 100 M picrotoxin and 1 mM kynurenic acid to block fast synaptic transmission (all chemicals from Sigma-Aldrich unless otherwise noted). All bath solutions were bubbled continuously with 95% O 2 and 5% CO 2 .
Electrophysiological recordings. Cell-attached patch recordings from individual DGNs identified under infrared differential interference contrast visual guidance were made in voltage-clamp mode following establishment of high-resistance (multi-G⍀) seals. Data were collected with an Axopatch 200B integrating patch-clamp amplifier (MDS Analytical Technologies) in whole-cell mode (␤ ϭ 1), sampled at 10 -14 kHz, and filtered online at 1-2 kHz. Pipette potential was held at 0 mV (V m ϭ V rest ) for most experiments. All recordings were obtained at room temperature.
Patch pipettes were pulled from borosilicate glass capillary tubes (VWR Scientific) on a horizontal heated-filament puller (P-97; Sutter Instrument) and were wrapped about the shank close to the tip with stretched Parafilm to reduce capacitance. Pipettes with tip resistances of 3-6 M⍀ were used for cell-attached recordings and tip resistances of 2-4 M⍀ were used for wholecell recordings. Pipette tips were not fire-polished.
For cell-attached recordings, the pipette solution contained the following (in mM): 140 potassium methanesulfonate (KMeS), 10 HEPES, 2 CaCl 2 , and 10 TEA-Cl, 2 CsCl, and 1 4-aminopyridine (4-AP) (for blockade of non-K ATP potassium channels); osmolarity ϳ310 mmol/kg; pH to 7.4 with KOH). For experiments (except those summarized in Fig. 1 B) , the patch pipette also contained additional peptide blockers of non-K ATP potassium channels: 100 nM charybdotoxin (in 0.001% BSA; Alomone Labs) to block BK channels and 100 nM apamin to block SK channels (including 40 M acetic acid; Calbiochem).
DGNs were stimulated antidromically with a glass electrode placed in the hilus, proximal to the recording site. The stimulating electrode contained a HEPES-buffered ACSF and was driven by a D/A converter (Digidata 1321A; MDS Analytical Technologies) via an A360 stimulus isolation unit (WPI). Stimulation intensity was maintained at the minimum level required to reliably evoke spike activity. Stimulation was delivered in trains of five or 10 short (80 s) pulses at a frequency of 20 Hz.
For paired experiments to assess glibenclamide effects, experiments were performed only on patches with relatively high initial channel activity. For this reason, the control segments of these paired experiments were not included in the averages of control activity that were used for unpaired comparisons (vs Kir6.2 Ϫ/Ϫ animals or vs ketone body application), and the average peak p open was higher for these series of experiments. For the paired experiments, an approximately equal number of experiments were performed using vehicle (DMSO) without the experimental drug; the experiments were performed and analyzed by an investigator blind to the identity of the solution applied.
For whole-cell recordings, the pipette solution contained the following (in mM): 140 KMeS, 10 NaCl, 10 HEPES, 1 MgCl 2 , 0.1 EGTA (osmolarity ϳ295 mmol/kg; pH 7.4), supplemented with 4 mM MgATP and 0.3 mM Na 3 GTP. A voltage ramp protocol was used to measure input resistance: the holding potential was set at Ϫ90 mV, followed by a 300 ms step to Ϫ70 mV, then a 200 ms step back to Ϫ90 mV (for assessment of resting leak) and another 100 ms step to Ϫ110 mV to allow the membrane potential to settle before initiation of a 35 mV/s ramp from Ϫ110 to Ϫ20 mV, followed by a return to the Ϫ90 mV holding potential. The voltageramp protocol was applied every 5 s to provide a running assessment of whole-cell conductance. For perforated patch recordings, the pipette solution contained the following (in mM): 140 KCl, 10 NaCl, 10 HEPES, 1 MgCl 2 (pH 7.3). The pipette solution also contained 50 -100 g/ml gramicidin D (Sigma). Before experiments, fresh gramicidin stock solution (5 mg/ml in DMSO) was prepared and diluted in the pipette solution. Additionally, Alexa 488 (10 M; Invitrogen) was added to the pipette solution to monitor the integrity of the perforated cell membrane. The pipette tip was filled with gramicidin-free solution and then back-filled with the gramicidincontaining solution. Perforation generally occurred within 30 min of forming a seal. Current-clamp recordings were performed on cells held near Ϫ60 mV, which allowed for consistent observation of slow afterhyperpolarizations (Podlogar and Dietrich, 2006) . Trains of action potentials were triggered by five current pulses (5 ms, 100 pA) at 20 Hz.
Drugs and solutions. All drugs used were bath-applied in ACSF. Glibenclamide was diluted from a 1 mM stock solution in DMSO down to 100 nM in ACSF. DMSO as a vehicle control for glibenclamide was added to ACSF at 0.01%. NN414 was diluted from a 250 mM stock in DMSO to a concentration of 5-10 M in ACSF. Strophanthidin was made as a 0.5 M stock in DMSO diluted down to 500 M in ACSF. DMSO as a vehicle control for strophanthidin was added to ACSF at 0.1%. NN414 was a gift from Novo Nordisk.
Data analysis. Most experiments were performed and analyzed by an experimenter blind to genotype or treatment condition. Data were analyzed offline with Clampfit, Microsoft Excel (Microsoft), MATLAB (Mathworks), and Microcal Origin (OriginLab).
In-house software written in MATLAB was used for primary offline analysis of raw data. For analysis, data were filtered to 500 Hz. For binary idealization of channel openings, stimulus artifacts and capacitive action currents were blanked from the filtered data traces, which were then subjected to a baseline subtraction where the mean current level at each time point was subtracted from all traces. The mean current for subtraction was calculated after exclusion of traces in the top quartile (for data with few channel openings) or in the top 67% (for data with large numbers of peristimulus openings).
Open and closed levels for channel activity were determined from an all-points histogram of the filtered data, and channel openings were detected using a 50% threshold criterion applied to filtered (500 Hz) raw data. Raw datasets featuring excessive baseline shift, sufficient high-or low-frequency noise to preclude effective idealization of channel openings, insufficient entrainment of spikes to stimulus, or too few data traces (Ͻ36; 3 min of recording) were generally discarded without idealization or further analysis. In the case of data recorded in the absence of stimulation, either for comparison with records where spiking was stimulated, or for channel identification with K ATP opening drugs, trials containing Ͻ36 traces were occasionally included for analysis.
The amplitude of the slow afterhyperpolarization (sAHP) was calculated as the minimum of a 250 ms moving average voltage, minus the median voltage of the baseline. The post-sAHP spike latency was measured as the first time point to exceed Ϫ10 mV after the last evoked action potential. For each experiment, we calculated the 80% trimmed mean (excluding the high and low 10%), then calculated mean and SEM across experiments. Significance by a nonparametric (Mann-Whitney) test was Ͻ0.05 for both latency and sAHP voltage.
Results
We performed cell-attached single channel recordings on DGNs using a high-[K ϩ ] pipette solution with a mixture of ionic channel blockers (TEA, 4-AP, and Cs ϩ ) designed to isolate K ATP channels (see Materials and Methods, above), as previously done by Pelletier et al. (2000) . With this solution, we observed channels in nine of 14 patches (ϳ64%) that had characteristics of DGN K ATP channels (Fig. 1) . Single-channel currents reversed at a pipette potential close to the cell resting potential (ϳϪ80 mV, corresponding to a transmembrane potential of ϳ0 mV), as expected for a potassium-selective channel with 140 mM extracellular K ϩ .
The slope conductance of ϳ25 pS was smaller than usually reported for Kir6.2-containing K ATP channels (in the range of 50 -80 pS) (Cook and Hales, 1984; Inagaki et al., 1995; Babenko et al., 1998) but very close to that reported for endogenous K ATP channels recorded in rat DGNs (Pelletier et al., 2000) . The singlechannel current-voltage relationship showed little rectification up to V rest ϩ 50 mV ( Fig. 1 B) , characteristic of the Kir6.x class of inward rectifier channels (Baukrowitz et al., 1999) . Also, the channels recorded under these conditions showed increased p open in the presence of the SUR1-specific K ATP -opening drug NN414 (5 M) (Fig. 1C ) (Dabrowski et al., 2003) . For all subsequent experiments, the patch pipette also contained additional peptide blockers of non-K ATP potassium channels: 100 nM charybdotoxin (in 0.001% BSA; Alomone Labs) to block BK channels and 100 nM apamin to block SK channels (including 40 M acetic acid; Calbiochem).
Action potential firing elevates K ATP channel open probability in cell-attached patches
We tested whether the firing of DGNs could bias K ATP channels toward opening, perhaps because of the increased metabolic demand. We drove DGNs to fire using antidromic stimulation from the hilus, as this permitted us to record under conditions of synaptic blockade, thus further decreasing the already low rate of spontaneous DGN firing and eliminating some complications that might arise from synaptic transmission. We stimulated 20 Hz bursts of five action potentials every 5 s and recorded dozens to hundreds of consecutive 5 s sweeps of voltage-clamped current from each cell. The cell-attached recordings simultaneously recorded openings and closings of individual K ATP channels along with capacitive action currents fired in response to stimulation (Fig. 2 A) .
Time-course histograms of the average K ATP channel open probability, obtained from analysis of a full set of sweeps, typically showed a marked elevation in channel p open during and immediately following the stimulus interval (Fig. 2 B) . On average, across all experiments recorded in ACSF with this stimulation paradigm, the elevation in channel p open lasted the duration of the stimulus period and attained a mean value of 1.09 Ϯ 0.32% (n ϭ 35) for the entire intrastimulus interval; this transient increase in p open persisted for ϳ0.5-1 s beyond the end of the stimulation period (Fig. 2C ). This increase in channel activity reached a level more than double that of the basal p open exhibited during the nonspiking quiescent period (taken as the last second of the 5 s recording epoch), where the open probability typically dropped to a very low level: Ͻ0.1% in some cases, and to 0.46 Ϯ 0.17% on average.
Qualitatively, this observation suggests that K ATP channels open preferentially in response to stimulated firing in DGNs. The effect depended on action potential firing; when the stimulus was turned off, the activation profile of the channels in the ensemble averages of the zero-spike condition showed no elevation (Fig.  2 B, C) . For the unstimulated condition, the peak open probability during the equivalent time period where spikes were stimulated to fire for the five-stimulus condition was 0.13 Ϯ 0.03%, compared with a mean basal p open during the last second of the recording period of 0.14 Ϯ 0.04% (n ϭ 13). While there was no significant difference between the basal open probabilities over the last second of the recording epoch for the two conditions (5 vs 0 stimuli; p ϭ 0.24, Mann-Whitney U test), the spike-elevated peak p open recorded with five stimuli delivered was significantly greater than that recorded during the equivalent time period in the absence of stimulation ( p Ͻ 0.01). Comparable effects were seen with 10 stimuli, also administered at 20 Hz: mean p open was 0.85 Ϯ 0.15% during the stimulus period and 0.38 Ϯ 0.09% at steady-state (n ϭ 40; p Ͻ 0.001). The decay of the p open back to a steady-state level after the end of the stimulus period was fitted with a single exponential, giving time constants of ϭ 0.32 Ϯ 0.02 s for five spikes and ϭ 0.46 Ϯ 0.06 s for 10 spikes.
Confirmation of K ATP channel identity
Although our pipette recording solution contained a mixture of channel blockers (TEA, 4-aminopyridine, CsCl, charybdotoxin, and apamin) designed to isolate K ATP channels (see Materials and Methods, above), we used both pharmacological and genetic tests to confirm this identification. To pharmacologically identify K ATP channels, we recorded stimulus-dependent channel activity first in ACSF and then after 15 min perfusion with 100 nM glibenclamide, a potent blocker of K ATP channels.
Glibenclamide substantially reduced the peak p open during the stimulus period (Fig. 3A) . To analyze these paired experiments, we plotted ⌬p open (glibenclamide Ϫ ACSF) as a function of the initial p open in ACSF, using a peak-weighted average measurement of p open (explained in Fig. 3's legend) . The expected result is a line with a negative slope corresponding to the fractional reduction in single-channel activity (Fig. 3B) . For peak channelopening responses, the fitted slope corresponded to an 81% (Ϯ2%) fractional reduction in activity with glibenclamide (significantly different from zero by F-distribution test; p Ͻ 0.01). For measurement of channel opening over the entire trace, the fitted slope corresponded to an 87% (Ϯ2%) fractional reduction in channel current with glibenclamide ( p Ͻ 0.01). In interleaved control experiments (performed and analyzed blind to the condition) where the 0.01% DMSO vehicle without glibenclamide was washed in, there was a slight downward trend for both the peak and the full-trace p open (Fig. 3B ), but any apparent DMSO effect was much smaller than that for glibenclamide. Also, there was no overlap between the confidence bands for the fitted slopes of the drug and vehicle control conditions (Fig. 3B) , indicating that the effect of glibenclamide treatment is significantly greater than the effect of DMSO treatment or any rundown that may have occurred.
As a genetic test of channel identity, we used brain slices from knock-out mice containing a disrupted Kir6.2 gene (Miki et al., 1998) . These experiments showed a much smaller open probability and stimulus-induced elevation than seen in wild-type animals (Fig. 3C) . There was still a small amount of channel activity in the knock-out animals, which may indicate that our recording pipette mixture does not completely block all other K ϩ channel types, or that there are some K ATP channels formed by the alternative pore-forming Kir6.1 subunits (also capable of forming K ATP channels).
Nevertheless, comparison of the results from the two genotypes studied showed that the prominent activity-dependent increase in channel p open seen in wild-type animals was largely attenuated or absent during the stimulus period in Kir6.2 Ϫ/Ϫ knock-out animals. Over half (6 of 11; 55%) of the trials from knock-out animals showed little to no channel activity (Ͻ0.05% steady-state basal open probability) compared with only eight of 35 (23%) trials from wild-type animals exhibiting such low levels of activity, as recorded and analyzed under the same conditions (Fig. 3C) . Of the five trials from knock-outs that did show some appreciable level of channel activity, only one exhibited any apparent stimulus-period elevation in p open at all. Overall, the peak open probability during the stimulus period was significantly lower in knock-out animals than in wild-type ( p Ͻ 0.05, Mann- Whitney U test). The absence of a spike-induced elevation in the majority of slices from Kir6.2 knock-out animals again suggests that the activity observed in wild-type animals is largely due to K ATP channels.
The Na
؉ -K ؉ pump blocker strophanthidin attenuates the spike-dependent effect K ATP channel opening is primarily controlled by the intracellular ATP and ADP concentrations. The main metabolic consequence of action potential firing arises from the restoration of ion channel gradients by ATP-dependent pumps, principally the Na ϩ -K ϩ ATPase. To test for a role of the Na ϩ -K ϩ ATPase in the activity-induced opening of K ATP channels, we performed a set of experiments in which we bath-applied the pump inhibitor strophanthidin following a control recording in ACSF. In experiments using 10 stimuli, bath application of strophanthidin often resulted in a marked decrement in both stimulus-elevated and steady-state p open compared with paired ACSF controls (Fig. 4) . Control application of DMSO in these experiments resulted in a higher average p open than that recorded in ACSF-only conditions.
There was a clear effect of strophanthidin in these experiments, decreasing p open during both the stimulus-elevated peak (71 Ϯ 15% fractional reduction in peak-weighted open probability, p Ͻ 0.001, F-distribution test) and over the course of the full trace (75 Ϯ 14% fractional reduction in open probability for the whole trace, p Ͻ 0.001, F-distribution test) (Fig. 4B) . In several cases, strophanthidin eliminated the spike-dependent increase in channel p open completely (Fig. 4A) (Fig. 4C) .
We also analyzed these experiments by categorizing the results of individual experiments as increased, decreased, or no change, using an arbitrary threshold of Ϯ0.25% change in the peak-weighted p open . By this criterion, strophanthidin reduced the stimulus-evoked increase in channel p open in six of 13 experiments, produced no change in six, and produced an increase in one. By the same criterion, DMSO produced a decrease in one of 11 experiments, no change in four, and an increase in six. A 2 analysis of the contingency table confirmed a significant effect of strophanthidin versus vehicle controls ( p Ͻ 0.01).
Ketone bodies increase both steady-state and stimulus-elevated p open
The strophanthidin experiments show that the metabolic load produced even by a short burst of action potentials could result in the opening of K ATP channels. This result led us to investigate additional ways to manipulate K ATP channel activity by altering metabolic conditions. It has been shown that K ATP channels in DGNs can be opened under conditions of joint hypoxia and hypoglycemia (Pelletier et al., 2000) , which underscores the metabolic sensitivity of these channels. In previous studies of a different population of neurons, the GABAergic neurons of substantia nigra pars reticulata (SNr), we found that ketone bodies, which circulate at high levels in the blood of patients and animals on an anticonvulsant ketogenic diet, can slow spontaneous neuronal firing by opening K ATP channels (Ma et al., 2007) . We therefore looked for a similar effect on K ATP channels in DGNs.
Using the five stimulus paradigm, we recorded single-channel activity from DGNs in wild-type slices preincubated in ACSF containing 10 mM glucose (as before) and supplemented with 2 mM of the ketone body R-␤HB. We found that 2 mM R-␤HB increased not only the steady-state open probability of the channel, but also the stimulus-elevated p open (Fig. 5) . For the experiments with R-␤HB, the mean peak p open during the stimulus interval was nearly threefold higher than that recorded in ACSF (3.14 Ϯ 0.90%, n ϭ 8 in R-␤HB, vs 1.09 Ϯ 0.32%, n ϭ 35 in ACSF; different with p Ͻ 0.05 by Mann-Whitney U test). The mean basal p open in R-␤HB was also increased over that seen in Linear fits through the origin, for each dataset, represent a fixed fractional reduction in current produced by the blocker. The two graphs use different time samples: full-trace effects (bottom) simply used the full-trace average p open , while peak-weighted effects (top) were weighted with a function that was constant during the stimulus interval and decayed with a time constant of 0.3 s thereafter. Dotted lines mark the 95% confidence limits for the linear fits. For glibenclamide, the fitted slopes were (peak) Ϫ0.81 Ϯ 0.02 and (full) Ϫ0.87 Ϯ 0.02, consistent with ϳ80 -90% inhibition. For DMSO, the fitted slopes were (peak) Ϫ0.33 Ϯ 0.06 and (full) Ϫ0.31 Ϯ 0.08 (n ϭ 7). C, Channel activity is reduced in DGNs from Kir6.2 knock-out mice. Summary for experiments with five-stimuli in wild-type animals (gray symbols, mean Ϯ SEM, n ϭ 35), and Kir6.2 Ϫ/Ϫ (black symbols, mean Ϯ SEM, n ϭ 11). Most experiments were performed and analyzed blind to genotype.
ACSF (1.71 Ϯ 0.64% in R-␤HB vs 0.46 Ϯ 0.17% in ACSF; different with p Ͻ 0.01). The decay time constant after stimulation was 0.30 Ϯ 0.05 s, very similar to that determined for ACSF alone ( ϭ 0.32 Ϯ 0.02 s).
K ATP channels contribute to the slow afterhyperpolarization following action potential firing We tested whether the elevated K ATP channel open probability after action potential bursts produced a hyperpolarization of the membrane potential. To avoid disturbing intracellular ATP levels, we used the gramicidin perforated patch technique (Kyrozis and Reichling, 1995) to record the membrane potential after evoking spike bursts. After perforation, cells were held in current clamp near Ϫ60 mV and, following a 20 Hz train of five action potentials evoked by brief current pulses, we observed an sAHP (Fig. 6) . K ATP channels contribute to this sAHP, as application of 100 nM glibenclamide reduced the amplitude of the sAHP (Fig. 6) . The mean sAHP was Ϫ8.8 Ϯ 1.1 mV, and was significantly smaller in the presence of glibenclamide, Ϫ5.7 Ϯ 0.7 mV (n ϭ 5, p Ͻ 0.05). We also observed that spontaneous action potential firing stopped during the sAHP and resumed only after the resting potential returned to the baseline level. Glibenclamide shortened the latency to resumption of firing after the evoked train of action potentials and the AHP from a mean latency of 6.5 Ϯ 0.7 s to 4.1 Ϯ 0.6 s (n ϭ 5, p Ͻ 0.05).
Discussion
Spike activity in granule cells opens up K ATP channels via Na ؉ -K ؉ pump activity In our recordings of single K ATP channels in membrane patches of hippocampal dentate granule neurons, we have identified a link between spike-burst activity in the DGN and the opening of these metabolically sensitive channels. With a brief burst of action potentials, it was possible to systematically increase K ATP channel open probability above the usually very low levels of activity that these channels exhibit in the resting state. This spikedependent increase in K ATP channel p open was attenuated or abolished in the presence of strophanthidin, a blocker of the Na ϩ -K ϩ ATPase. This result suggests that an increase in cellular firing activity imposes a metabolic stress on the cell that, in the absence of pump blockade, is sufficient to open K ATP channels above their low steady-state resting levels, most likely via ATP depletion (Kabakov, 1998) . We included a number of channel blockers in our experiments to eliminate most K ϩ channels other than K ATP channels, including the ionic blockers 4-AP, cesium, and TEA (to broadly block Kv and Kir channels), as well as two peptide blockers, charybdotoxin (to block BK channels) and apamin (to block SK channels). The channel activity observed under these conditions was blocked by glibenclamide and nearly eliminated in knockout mice lacking the major pore-forming subunit of neuronal K ATP channels, Kir6.2 (Fig. 3) . However, some small activity did remain. We cannot rule out some contribution in our experiments from apamin-insensitive SK channels, or from Kir6.1-containing K ATP channels, but it does appear that the majority of the stimulus-evoked channel opening that we observed can be accounted for by glibenclamide-sensitive, Kir6.2-containing K ATP channels.
We also found that action potential bursts evoked in individual DGNs recorded using a perforated patch approach produced an sAHP that was sensitive to glibenclamide. Our finding from our cell-attached recordings that K ATP channel open probability is elevated after bursts of action potentials is consistent with a role of K ATP channels in the sAHP. The long duration of the sAHP would require a contribution not only from the transient elevation in open probability induced by firing, but also from the chronic elevation apparent in the steady-state open probability [which was also dependent on regular stimulation, as seen from its disappearance when stimulation was turned off (Fig. 2) ]. K ATP channels account for only a fraction of the sAHP; another component of the sAHP in hippocampal neurons has been attributed to KCNQ channels (Tzingounis and Nicoll, 2008) . Loss of KCNQ channels also eliminates only a portion of the sAHP. Our finding suggests that K ATP channels may contribute the sAHP in DGNs and possibly function to reduce excitability in conditions of elevated neuronal firing.
The likely size of these K ATP effects at a whole-cell level To gain an additional sense for how this spike-induced opening of K ATP channels might functionally affect overall cellular excitability, we can estimate the fractional change in input conduc-A B C Figure 4 . The Na ϩ -K ϩ pump blocker strophanthidin blocks both the firing-induced and basal channel opening. A, B, Channel activity was recorded first in ACSF, then in strophanthidin; histograms are shown for a representative experiment (A) and for the ensemble average (B, n ϭ 13). Experiments were performed and analyzed with the experimenters blind to the identity of the washed-in solution. C, The effects of strophanthidin (or 0.1% DMSO) are summarized (as in Fig. 3B ). For strophanthidin (Stroph), the fitted slopes were (peak) Ϫ0.71 Ϯ 0.15 and (full) Ϫ0.75 Ϯ 0.14, consistent with ϳ70 -75% inhibition. For DMSO, the fitted slopes were (peak) 0.96 Ϯ 0.06 and (full) 1.35 Ϯ 0.31 (n ϭ 11).
tance. In whole-cell recordings with a high-ATP pipette solution, we found that the K ATP channel opener NN414 produced a whole-cell K ATP conductance of ϳ0.8 nS (n ϭ 2). In cell-attached single-channel recordings, we observed a mean p open in NN414 of 4.7 Ϯ 1.7%, compared with a resting p open (in ACSF alone) of 0.19 Ϯ 0.02%. The peak p open responses in our five-stimulus experiments of ϳ1.1%-approximately one-fifth of the NN-414-induced p open -may thus correspond to a total conductance on the order of ϳ160 pS, which would represent a substantial (ϳ30%) increase over the resting conductance of ϳ400 -500 pS observed at this age (and in our own whole-cell experiments). A similar calculation applied to the R-␤HB treatment yields an even more substantial (ϳ100%) increase in conductance.
The intrinsic membrane properties (Liu et al., 2000) and synaptic plasticity (Schmidt-Hieber et al., 2004) of young or newly generated dentate granule cells change significantly as they age. A key difference between cells of different ages is their input resistance: ϳ2.5 G⍀ for young neurons (corresponding to 0.4 nS conductance) and ϳ250 M⍀ for older neurons (corresponding to 4 nS conductance). This difference suggests that the potential effects of a spike-induced elevation of channel p open may be more pronounced in younger animals.
Could K ATP channel opening represent one mechanism for tempering seizure propagation in the temporal lobe? The hippocampal formation is one of the most widely studied regions of the brain where K ATP channels are known to be broadly expressed. To date, however, no clear understanding has emerged of what role these channels might serve in the hippocampus beyond neuroprotection during ischemia or ischemia-induced seizures (Krnjević and Ben-Ari, 1989; Ben-Ari et al., 1990; Yamada et al., 2001) . We have shown that externally driven spiking in hippocampal DGNs, imposed at relatively high rates, leads to the sustained opening of K ATP channels in these cells.
This result agrees with and extends studies of K ATP channels in rat respiratory neurons (Haller et al., 2001 ). In the respiratory neurons, which have a spontaneous population rhythm, the clearest change in p open was the closure of K ATP channels seen immediately before burst cycle; opening of channels occurred fairly gradually after each burst. The slow response may reflect the asynchrony of action potential firing in different respiratory cells, so that the increase in K ATP channel opening is dispersed in time from burst to burst. In our preparation, with precisely controlled timing, we observe K ATP channels opening up promptly following stimulated spiking-an occurrence that could serve to temper any further excitation in the wake of an unusually high-frequency spike burst.
In the basic trisynaptic hippocampal circuit, DGNs are the first point of input from the entorhinal cortex into the hippocampus. This privileged positioning of DGNs in the circuit may permit them to act as a seizure gate in temporal lobe epilepsy (Heinemann et al., 1992; Lothman et al., 1992; Coulter and Carlson, 2007) . While DGNs are typically reported to fire at very low rates (Jung and McNaughton, 1993) , the spike frequencies we delivered are not out of the range of possibility for these cells. Indeed, these cells have been reported to fire at frequencies of up to 25 Hz or more at the onset of seizures in rats during pilocarpine-induced status epilepticus (Bower and Buckmaster, 2008) . Therefore, our chosen rates of stimulation are likely to be visited during epileptic-like states.
The opening of K ATP channels in DGNs could serve to limit the passage of excitation to more distal parts of the circuit in cases where the firing rate of these gating neurons is vastly increased by excessive excitatory synaptic input, such as might occur during seizure episodes. Indeed, it has been demonstrated in paired re-A B Figure 5 . Channel open probability is elevated with the ketone body R-␤-hydroxybutyrate. A, Top, Set of five current traces recorded in ACSF supplemented with 2 mM R-␤HB. Bottom, Set of five current traces recorded in ACSF alone. Left, First second of recording period. Right, Last second. B, Summary of all experiments in R-␤HB (black diamonds; n ϭ 8) versus all in ACSF (gray squares; n ϭ 35). Note that the y-axis is on a larger scale than in previous sets of summary data. Figure 6 . A glibenclamide-sensitive, long, slow AHP following a burst of evoked action potentials. Representative perforated patch voltage recordings from DGNs, with a burst of five action potentials evoked by five brief current pulses just before the indicated t ϭ 0. A total of eight traces are overlaid, with a single trace shown in black. In recordings with glibenclamide, AHPs were smaller (⌬V ϭ Ϫ5.7 Ϯ 0.7 mV vs Ϫ8.8 Ϯ 1.1 mV for control; n ϭ 5, p Ͻ 0.05) and spontaneous action potential firing resumed after a shorter latency (4.1 Ϯ 0.6 s vs 6.5 Ϯ 0.7 s for control; n ϭ 5, p Ͻ 0.05).
cordings that single spikes in DGNs generally do not induce spiking in CA3 pyramidal cells, but that high-frequency trains of DGN spikes can do so consistently (Henze et al., 2002) . This result suggests that mechanisms for tempering high-frequency excitation in DGNs can have significant effects on downstream target neurons. We also found that applying ketone bodies to hippocampal slices augments both the basal channel p open and the stimuluselevated open probability above that observed in ACSF alone. This result supports the role of K ATP channels as a link between metabolism and neuronal excitability in central neurons, and supplements our earlier findings that ketogenic diet metabolites can slow the spontaneous firing of neurons in the SNr via opening of K ATP channels (Ma et al., 2007) . Like the dentate gyrus, the SNr is closely associated with the gating of epileptic seizures in the brain (Iadarola and Gale, 1982; Garant and Gale, 1983; McNamara et al., 1983 McNamara et al., , 1984 Depaulis et al., 1994) . The effects seen here of ketone bodies in DGNs may suggest that the opening of K ATP channels represent a general mechanism-under metabolic control-for tempering excitability during high-activity, epileptic-like states.
